Purpose The glucose analog and glycolytic inhibitor 2-deoxy-D-glucose (2-DG), which is currently under clinical evaluation for targeting cancer cells, not only blocks glycolysis thereby reducing cellular ATP, but also interferes with N-linked glycosylation, which leads to endoplasmic reticulum (ER) stress and an unfolded protein response (UPR). Both bioenergetic challenge and ER stress have been shown to activate autophagy, a bulk cellular degradation process that plays either a pro-or anti-death role. Here, we investigate which pathway 2-DG interferes with that activates autophagy and the role of this process in modulating 2-DG-induced toxicity. Methods Pancreatic cancer cell line 1420, melanoma cell line MDA-MB-435 and breast cancer cell line SKBR3 were used to investigate the relationship between induction by 2-DG treatment of ER stress/UPR, ATP reduction and activation of autophagy. ER stress/UPR (Grp78 and CHOP) and autophagy (LC3B II) markers were assayed by immunoblotting, while ATP levels were measured using the CellTiter-Glo Luminescent Cell Viability Assay. Autophagy was also measured by immunoXuorescence utilizing LC3B antibody. Cell death was detected with a Vi-Cell cell viability analyzer using trypan blue exclusion. Results In the three diVerent cancer cell lines described earlier, we Wnd that 2-DG upregulates autophagy, increases ER stress and lowers ATP levels. Addition of exogenous mannose reverses 2-DG-induced autophagy and ER stress but does not recover the lowered levels of ATP. Moreover, under anaerobic conditions where 2-DG severely depletes ATP, autophagy is diminished rather than activated, which correlates with lowered levels of the ER stress marker Grp78. Additionally, when autophagy is blocked by siRNA, cell sensitivity to 2-DG is increased corresponding with upregulation of ER stress-mediated apoptosis. Similar increased toxicity is observed with 3-methyladenine, a known autophagy inhibitor. In contrast, rapamycin which enhances autophagy reduces 2-DG-induced toxicity. Conclusions Overall, these results indicate that the major mechanism by which 2-DG stimulates autophagy is through ER stress/UPR and not by lowering ATP levels. Furthermore, autophagy plays a protective role against 2-DG-elicited cell death apparently by relieving ER stress. These data suggest that combining autophagy inhibitors with 2-DG may be useful clinically.
LC3B Microtubule-associated protein-1 light chain 3B UPR Unfolded protein response Introduction 2-Deoxy-D-glucose (2-DG) is a glucose analog that interferes with glycolysis by blocking the Wrst two reactions in this pathway carried out by hexokinase (HK) and phosphoglucose isomerase (PGI) [1, 2] . When glycolysis is inhibited in the presence of O 2 , cells can still produce ATP through their mitochondria using alternative energy sources, i.e., amino and fatty acids. Thus, 2-DG only induces sublethal levels of ATP reduction and does not kill most tumor cell types under normal O 2 tension. However, under hypoxia and anaerobic conditions (cells treated with the mitochondrial ATP synthase inhibitor oligomycin or 0 cells that are devoid of mitochondrial DNA), oxidative phosphorylation in mitochondria is inhibited or reduced and hence cells rely mainly on glycolysis for energy production. Under these conditions, in contrast to normoxia, 2-DG severely depletes ATP, eventually leading to massive cell death [3] [4] [5] . This selective toxicity of 2-DG toward hypoxic cells has led to a Phase I clinical trial using 2-DG in combination with chemotherapy in order to target slowgrowing hypoxic tumor cells and fast-proliferating normoxic tumor cells, respectively [6] . Recently, however, our laboratory has shown that 2-DG can also kill a subset of cancer cell lines under normal O 2 conditions by inducing endoplasmic reticulum (ER) stress [7] . Due to its structural similarity to mannose, 2-DG interferes with oligosaccharide synthesis leading to abnormal N-linked glycosylation [8, 9] resulting in ER stress. In support of this hypothesis, mannose, the main sugar comprising the oligosaccharide chain in N-linked glycosylation, reversed 2-DG-induced ER stress and cell death whereas glucose at a similar concentration did not. Moreover, by the nature of its structure, 2-Xuoro-deoxy-D-glucose (2-FDG) inhibits glycolysis more potently than 2-DG. However, it mimics mannose less closely than 2-DG does and thereby has been shown to be less potent than 2-DG in inducing ER stress and cytotoxicity [10] . Cells initially cope with ER stress through the unfolded protein response (UPR), a mechanism which attempts to relieve the ER burden by inhibiting global protein translation and thereby reducing the amount of proteins entering the ER, increasing degradation of misfolded/unfolded proteins and enhancing the ER folding capacity (upregulating protein chaperones). These UPR responses are mediated, respectively, through activation of the ER-resident transmembrane proteins, PKR-like ER kinase (PERK), inositol-requiring enzyme 1 (IRE1) and activating transcription factor 6 (ATF6). When the UPR is persistent, apoptosis is activated via C/EBP homologous protein-(CHOP), c-Jun N-terminal kinase-(JNK) and/or caspase 4-(caspase 12 in murine cells)-mediated mechanisms [11, 12] .
In addition to the UPR response, it has recently been appreciated that ER stress also induces the well-described and studied process of autophagy [13] [14] [15] [16] [17] [18] [19] which is considered to be a cell survival mechanism previously shown to be activated in response to nutrient deprivation. During this process, an isolated double membrane structure is formed and expands to encompass cytoplasmic contents and/or cellular organelles, and Wnally comes to a closure to become an autophagosome. This structure then fuses with a lysosome to form the so-called autolysosome, where its contents are degraded and recycled for use by cells under stress [20, 21] . Although autophagy has been shown to be activated by environmental conditions and/or drugs that lower ATP [22] [23] [24] [25] [26] [27] [28] or induce ER stress, it remains unclear which of these processes is responsible for autophagy activation when cells are treated with 2-DG.
Here, we Wnd that 2-DG-induced autophagy is abolished by addition of exogenous mannose that reverses 2-DGinduced ER stress without aVecting lowered ATP levels. Moreover, the classical ER stress inducer tunicamycin is found to stimulate autophagy in a similar manner as that of 2-DG. In contrast, oxamate, which inhibits glycolysis and reduces ATP without causing ER stress, does not activate autophagy in the cell types examined here. Interestingly, a correlation between reduced autophagic activity and diminished ER stress/UPR marker is observed when cells are treated by 2-DG under anaerobic conditions (oligomycin treated). Additionally, we also demonstrate that enhancing autophagic capacity protects cells from 2-DG-related cytotoxicity, while inhibition of this process increases 2-DG-induced ER stress and apoptosis. Together, our results suggest that 2-DG-induced autophagy is activated mainly via ER stress/UPR, and not through ATP depletion, and that it plays a protective role against 2-DG-elicited cell death by relieving ER stress. The intention of this study is to further clarify the anti-tumor mechanisms of this sugar analog in order to improve its clinical performance, potentially through combination with autophagy inhibitors.
Materials and methods

Cell types
Human tumor cell lines 1420 (pancreatic) and MDA-MB-435 (melanoma) [29] were purchased from American Type Culture Collection (ATCC), and maintained in DMEM with 1 g/l of glucose (Mediatech). Human breast cancer cell line SKBR3 was a gift from Dr. Joseph Rosenblatt (University of Miami; Miami, FL) and maintained in RPMI with 123 2 g/l of glucose (Invitrogen). All culture media were supplemented with 10% fetal bovine serum (FBS) (Invitrogen), penicillin/streptomycin (Invitrogen) and 0.1% Plasmocin (only for cell passage) (InvivoGen) unless otherwise speciWed. Cells were grown under 5% CO 2 at 37°C.
Drugs and antibodies
2-DG, mannose, tunicamycin, oxamate, oligomycin, 3-MA and rapamycin were purchased from Sigma-Aldrich. EST (E64d) was obtained from Calbiochem. The following rabbit primary antibodies were from Cell Signaling: Grp78, LC3B, total ACC, phosphorylated ACC (serine 79), Atg7 and cleaved caspase 3. Mouse anti-CHOP and anti--actin antibodies were from Cell Signaling and Sigma-Aldrich, respectively. Horseradish peroxidase (HRP)-conjugated anti-rabbit and anti-mouse IgG were purchased from Promega, and Alexa Fluor 488 goat anti-rabbit IgG was obtained from Invitrogen.
ATP quantiWcation
Intracellular ATP levels were measured with the CellTiterGlo Luminescent Cell Viability Assay (Promega) according to the manufacturer's directions. BrieXy, cells were seeded onto 96-well plates and cultured for 18-22 h to reach »70% conXuence. After 5 h of drug exposure, cells were lysed in the same plate with the reagent included in the assay kit for 10 min. Then the mixtures were transferred onto opaque-walled 96-well plates, and luminescence produced from ATP-mediated chemical reaction was read by the luminescence module of the FLUOstar OPTIMA microplate reader (BMG LABTECH). Readouts from control samples were set as 100% and those from all the other samples were presented as percentages of controls. Results were the averages of triplicate samples +SD from one representative experiment out of at least three independent analyses. Short-time (5 h) treatment was employed to minimize the toxicity and cell number loss caused by drug exposure.
Immunoblotting analysis
Cells were seeded onto six-well plates and cultured for 18-22 h to reach 40-70% conXuence. Following drug exposure for the indicated times, cells were harvested and lysed with the lysis buVer (100 mM Tris-HCl at pH 7.4, 1% SDS, phosphatase inhibitor cocktail 2 and protease inhibitor cocktail from Sigma-Aldrich). Protein concentrations of each sample were determined using a Micro BCA Protein Assay Kit (Thermo ScientiWc) according to the manufacturer's directions, and equal amounts of proteins were loaded onto 4-15% Tris-HCl gradient gels (except 12% gels for siRNA experiments) (Bio-Rad). After SDS-PAGE, proteins were transferred onto a polyvinylidene Xuoride (PVDF) membrane (Millipore), blocked with 5% milk and probed with corresponding primary antibodies overnight (except 1 h for -actin). The membrane was washed and probed with secondary antibodies for 1 h. Membrane was then incubated with SuperSignal West Pico or Femto Chemiluminescent Substrate (Thermo ScientiWc) and signals were visualized on Blue Lite Autorad Films (ISCBioExpress). All primary antibodies were used at 1:1000 dilution except for Atg7 (1:300) and -actin (1:10000), and the secondary antibodies were used at 1:10000. Representative blots from at least three independent experiments were shown unless otherwise indicated.
Fluorescent microscopy
Cells were seeded onto eight-well Lab-Tek II Cc chamber slides (Thomas ScientiWc) and cultured for 18-22 h to reach »60% conXuence. After 16 h of drug exposure, cells were Wxed with 10% neutral-buVered formalin solution containing 4% formaldehyde (Sigma-Aldrich) and permeabilized with methanol at ¡20°C. Following blocking with 5% normal goat serum (Dako), cells were incubated with anti-LC3B antibody (1:400) overnight. Then, cells were washed and incubated with Alexa Fluor 488 goat anti-rabbit IgG (1:500) for 1 h, mounted with ProLong Gold antifade reagent with DAPI (Invitrogen) and visualized with the Laborlux Xuorescent microscope (Leitz) equipped with a DFC 340 FX digital camera (Leica). Individual cells were shown from one representative experiment out of at least three independent analyses unless otherwise indicated.
Cytotoxicity assay
Cells were seeded onto 24-well plates and cultured for 18-22 h. After drug exposure for 48 or 72 h, attached cells and their respective culture media were collected and centrifuged at 400g for 5 min. The pellets were then resuspended in Hanks Balanced Salt Solution (HBSS) (Mediatech) and analyzed with Vi-Cell cell viability analyzer (Beckman Coulter) based on trypan blue exclusion. Results were shown as the percentages of dead cells out of total cells counted. Data were the averages of triplicate samples +SD from one representative experiment out of at least three independent analyses unless otherwise indicated.
siRNA transfection
Cells were seeded into 25-cm 2 Xasks and cultured for 24 h to reach »60% conXuence using antibiotics-free media. Then, cells were transfected with anti-Luc siRNA-1 (targeting luciferase) or ON-TARGETplus SMARTpool siRNA against Atg7 using the DharmaFECT siRNA transfection reagent #2 (Dharmacon). Twenty-four hours after transfection, cells were collected and re-seeded onto 6-well or 24-well plates and drug-treated for immunoblotting or cytotoxicity analyses, respectively.
Statistical analysis
Data were compared using two-tailed paired Student's t-test, and P value less than 0.05 was considered signiWcant.
Results
2-DG-induced ER stress/UPR and decreased ATP levels correlate with activation of autophagy in diVerent tumor cell types
Although 2-DG is known as an inhibitor of glycolysis, due to its similarity to mannose, it has also been shown to induce ER stress via interference with N-linked glycosylation [7] [8] [9] . To determine whether perturbation of either or both pathways leads to activation of autophagy, ATP levels and ER stress/UPR, markers were assayed in three diVerent human cancer cell lines, i.e., 1420 (pancreatic cancer), MDA-MB-435 (melanoma) [29] and SKBR3 (breast cancer). As can be seen in Fig. 1 , in all cell lines ATP levels dropped while the ER stress/UPR markers glucose-regulated protein 78 kD (Grp78) and CHOP increased, when cells were treated with 2-DG in the presence of oxygen. Concomitantly, activation of autophagy was observed as assayed by the conversion of microtubule-associated protein-1 light chain 3B (LC3B) from its unconjugated (LC3B I) to its lipidated form (LC3B II) (Fig. 1) . Overall, these data show that 2-DG stimulates autophagy which correlates with ER stress/UPR induction and decreases in ATP levels, suggesting that either or both of these activities of 2-DG are activating autophagy.
Mannose reverses 2-DG-induced autophagy and ER stress but not ATP reduction Recently, our laboratory has shown that 2-DG kills select tumor cell lines, including 1420 cells growing under normal O 2 conditions through ER stress/UPR-mediated apoptosis [7] . Furthermore, addition of exogenous mannose was shown to reverse 2-DG-induced ER stress and cytotoxicity. Therefore, mannose was added to 2-DG-treated cells to study autophagy activation when ER stress was abolished. Consistent with our previous work, in 1420 cells 1 mM of mannose reversed 2-DG (4 mM)-induced upregulation of ER stress/UPR markers Grp78 and CHOP (Fig. 2a) . Most noteworthy, under these conditions, LC3B II levels reverted back to untreated controls, signifying blockage of autophagy stimulation (Fig. 2a) . To compare more carefully the autophagic Xux in response to 2-DG and mannose, we conducted experiments in the presence of EST (E64d), a lysosomal protease inhibitor that can block the degradation of LC3B II after the autophagosome fuses with a lysosome. Thus, under these conditions, activation of autophagy is less likely to be underestimated [30, 31] . For each treatment condition, EST increased the accumulation of LC3B II, indicating that this drug was functional in our experimental system. More importantly, essentially the same results were obtained when EST was included in the mannose reversal experiment (Fig. 2a) . The ability of mannose to reverse 2-DG-induced autophagy was further conWrmed by another widely used method to detect autophagy, namely the appearance of LC3B puncta (Fig. 2b) [30, 31] . In contrast to the reversal of ER stress and autophagy activation, mannose failed to restore 2-DG-induced decreased ATP to untreated levels (Fig. 2c) . Moreover, the phosphorylation status of the AMP-activated protein kinase (AMPK) substrate acetyl-CoA carboxylase (ACC) did not change when mannose was present (Fig. 2d ), indicating that 2-DGinduced activation of the energy sensing signaling (AMPK pathway) is not aVected by exogenous mannose. These data suggest that 2-DG activates autophagy through induction of ER stress and not by depleting ATP.
To study whether activation of autophagy by 2-DG through ER stress is a general phenomenon, mannose reversal experiments were extended to two other cancer cell lines. In MDA-MB-435 cells, mannose was found to completely reverse the increased expression of LC3B II as well as Grp78 and CHOP assayed by immunoblotting (Fig. 2e , bottom panel), and to abolish the punctate pattern of LC3B immunoXuorescence similarly as in 1420 cells (Fig. 2f) . In SKBR3 cells, mannose partially abrogated the upregulation of LC3B II, which correlated with the partial reduction of the ER stress/UPR markers (Fig. 2g, bottom panel) .
In agreement with the results obtained in 1420 cells, mannose did not aVect 2-DG-induced ATP depletion in either of the cell lines (Fig. 2e, g, top panels) . Taken together, data from these experiments demonstrate that ER stress/UPR signaling is the predominant mechanism by which 2-DG induces autophagy in multiple human cancer cell lines.
2-DG displays similar kinetics as the ER stress inducer tunicamycin in activating autophagy
Since tunicamycin induces ER stress similarly to 2-DG in that both of them interfere with N-linked glycosylation [8, 9, 32] , the kinetics of this agent to activate autophagy was investigated and compared to that of 2-DG in 1420 cells. Both drugs were found to induce ER stress/UPR in a similar manner during a 24 h period of time, as assessed by the expression of Grp78 and CHOP (Fig. 3a) . Treatment with either drug increased peak levels of LC3B II at 16 h with decreasing levels observed at 24 h after drug exposure (Fig. 3a) . Similar results of increased accumulation of LC3B II were obtained when experiments were conducted in the presence of EST (Fig. 3b) . Interestingly, a sustained upregulation of LC3B II after 24-h (and 48 h, data not shown) exposure to both drugs was observed in the presence of EST when compared to the decrease found when cells were treated in the absence of EST, suggesting that accelerated autophagic degradation is occurring at this time point of drug treatment. Overall, these data illustrate that 2-DG and tunicamycin display similar kinetics in stimulating autophagic activity, further supporting the conclusion that 2-DG-activated autophagy results as a consequence of its induction of ER stress/UPR.
Oxamate, which induces ATP depletion but not ER stress, does not activate autophagy
Recent reports indicate that various environmental stresses or drug treatments that can lead to energy depletion induce autophagy [22] [23] [24] [25] [26] [27] [28] . This raises the question as to why 2-DG-induced ATP reduction did not appear to contribute to autophagy activation in the cancer cell lines we examined in this study. To better understand the role of ATP depletion in autophagy stimulation, we monitored autophagic activity as described earlier when cells were treated with oxamate, a glycolytic inhibitor that depletes ATP but does not induce ER stress. In 1420 cells, three diVerent doses of oxamate (2, 5 and 10 mg/ml) were studied so that the range of ATP reduction achieved by these doses was similar to that reached by 4 mM of 2-DG (Fig. 4a) . As shown in Fig. 4b , at doses of oxamate where ATP was reduced similarly or greater than that by 2-DG, there was no increase in LC3B II while 2-DG (as a positive control) induced an obvious increase in this autophagy marker. In addition, following the kinetics of autophagy activation showed that at 5 mg/ml of oxamate, where ATP levels were reduced to »50%, and LC3B II levels within 24 h were not signiWcantly aVected (Fig. 4c) . Consistent with the immunoblotting results of LC3B processing, oxamate at 5 mg/ml did not increase LC3B puncta (Fig. 4d) , further conWrming that there was no increase in autophagosome formation and autophagy activity when 1420 cells were depleted of ATP by oxamate. Similar experiments were also performed in MDA-MB-435 cells, and essentially the same results were obtained (Fig. 4e-g ). Taken together, these data show that ATP depletion induced by oxamate at levels equivalent to that of 2-DG does not induce autophagy in the cell lines used in this study, supporting our conclusion that 2-DG, when lowering ATP moderately in our experimental settings, activates autophagy mainly via ER stress/ UPR. 
2-DG reduces autophagy activity under anaerobic conditions
In hypoxic/anaerobic conditions, cells treated with 2-DG will undergo a more severe drop in ATP levels than when treated under normal O 2 tension ( [33] ; Fig. 5a ). Since 2-DG is in a Phase I clinical trial to evaluate its anti-tumor eYcacy by targeting hypoxic tumor cells in combination with conventional chemotherapeutics [6] , we were prompted to study the autophagic response to 2-DG in cells under hypoxic/anaerobic conditions. However, recent reports have shown that hypoxia itself is able to induce autophagy as well as ER stress/UPR through diVerent mechanisms [34, 35] . Thus, in order to eliminate the complications accompanied by hypoxia with regard to autophagy activation, a previously established chemical model of "hypoxia/anaerobiosis" was used [3] . To our surprise, the 2-DG-induced increase in Grp78 was abolished under anaerobic conditions (cells treated with the mitochondrial ATP synthase inhibitor, oligomycin), and in fact, even below the basal levels of cells left untreated (Fig. 5b) . Interestingly, the expression of LC3B II displayed a similar decrease in response to 2-DG under anaerobic conditions (Fig. 5b) . This decrease in LC3B II reXected a slowingdown of autophagic Xux rather than an acceleration of autophagic proteolysis since blockage of lysosomal degradation by EST did not restore LC3B II to basal levels (Fig. 5b) . To better understand this reduction of autophagy in response to 2-DG under anaerobic conditions, LC3B II changes were monitored over 24 h. Whereas no change was detected after 8 h of treatment, LC3B II levels began to decrease at 16 h, and continued to diminish during the remainder of the experiment (Fig. 5c) . Moreover, the LC3B immunoXuorescence data further showed that there was a slight reduction of autophagosome formation in 1420 cells treated with 2-DG in our chemical model of "hypoxia" (Fig. 5d) . Similar to the results obtained in 1420 cells, 2-DG also induced a severe ATP drop, and reduced LC3B II as well as Grp78 under anaerobic conditions in MDA-MB-435 cells (Fig. 5e,  f) . Overall, these data further reveal a close correlation between ER stress/UPR signaling and autophagy activation, and show that in contrast to the stimulation of autophagy by 2-DG in cells grown aerobically, autophagy activity was diminished by this glucose analog under anaerobic conditions.
Autophagy promotes cancer cell survival by reducing 2-DG-induced ER stress 2-DG has shown anti-tumor activity both in vitro and in vivo [36] and has entered a Phase I clinical trial. In this regard, we next investigated the role autophagy plays in 2-DG-elicited cytotoxicity in cancer cells. In agreement with previous reports [37, 38] , we found that autophagy protected cells from 2-DG-induced cell death in various cancer cell lines. On one hand, 3-MA, an autophagy inhibitor , f) , -actin was used as a loading control. ## P < 0.01, compared to 2-DG alone-treated samples (Fig. 6a, b) . On the other hand, the mammalian target of rapamycin (mTOR) inhibitor and autophagy promoter rapamycin reduced cell death in both 1420 and SKBR3 cells treated with 2-DG (Fig. 6c, d) . Previously, we have reported that 2-DG causes cell death through ER stress/UPR-mediated apoptosis in selected cancer cell lines under normoxia, including 1420 cells [7] . To investigate whether autophagy reduces 2-DGinduced cytotoxicity through modulating ER stress, we examined autophagy, ER stress/UPR and apoptosis markers in response to 2-DG treatment in 1420 cells where the expression of the autophagy-related gene 7 (Atg7), which is indispensable for this process, was speciWcally knocked down by short interfering RNA (siRNA). As shown in Fig. 6e , siRNA against Atg7 successfully reduced the protein levels of Atg7 compared to that against luciferase (siLuc), which was used as a siRNA control in this set of experiments. Knocking down of Atg7 attenuated the induction of LC3B II by 2-DG, which correlates with the increase in the expression of the ER stress/UPR markers Grp78 and CHOP (at 8 mM of 2-DG) when assayed at 16 h of drug treatment (Fig. 6f) . Additionally, at the same time point, levels of the apoptosis marker cleaved caspase 3 were signiWcantly increased above those in cells transfected with siLuc (Fig. 6f) , which corresponds with increased cell death assayed at 48 h of 2-DG exposure (Fig. 6e) . These observations support the Wndings from other groups that autophagy acts as a survival mechanism against ER stressinduced toxicity in both yeast and mammalian cells [13, 14, 18, 40, 41] . In summary, our data presented here demonstrate that autophagy protects cancer cells from 2-DGinduced cytotoxicity and indicate that this is likely achieved through relieving 2-DG-elicited ER stress. 
Discussion
Although data from our laboratory, as well others [37, 38] demonstrate that autophagy, an evolutionarily conserved intracellular bulk degradation process, responds to 2-DG treatment, the precise mechanism(s) by which 2-DGinduced autophagy occurs is not fully understood. Here, we Wnd that autophagy activation in response to 2-DG is accompanied by ER stress and UPR signaling as well as decreased cellular ATP levels (Fig. 1) . Previously, White's [37] and Yang's [38] groups independently reported that 2-DG activates autophagy in cancer cells; and in the latter study, the authors suggested that the activation of eukaryotic elongation factor-2 kinase (eEF-2K) is responsible for the induction of autophagy resulting from energy depletion (lowered ATP) due to 2-DG treatment. However, in our experimental systems, addition of exogenous mannose to 2-DG-treated cells, which we previously reported reduces ER stress [7] , abolishes autophagy but does not restore 2-DG-induced ATP depletion (Fig. 2) . Furthermore, results as shown in Figs. 3 and 4 demonstrate that in the cell lines studied, 2-DG induces autophagy in a similar manner as the classical ER stress inducer tunicamycin. In contrast, oxamate, another glycolytic inhibitor which does not disrupt ER homeostasis but reduces ATP levels does not activate autophagy. Thus, our results point to ER stress, and not lowered ATP, as the predominant mechanism by which 2-DG induces autophagy. The discrepancies between the results from Yang's group and ours as to how 2-DG stimulates autophagy might be explained by recent results which showed that ER stress induced by tunicamycin stimulates eEF-2K [42] . In a subsequent study, the same group reported that ER stress-stimulated eEF-2K participates in autophagy activation [43] . Thus, activation of eEF-2K could be a downstream event in response to ER stress to induce autophagy independently of ATP depletion. In fact, in one of the cell lines (T98G) used in Yang's study, we Wnd that mannose is also able to reverse 2-DG-induced autophagy as well as ER stress (data not shown), which further supports our conclusion that ER stress/UPR is the major activator of autophagy in response to 2-DG.
Under normal O 2 conditions, the moderate reduction of ATP by 2-DG (»50% at 5 h treatment) does not appear to play a signiWcant role in autophagy activation. Since 2-DG is currently under clinical trial directed at selectively targeting the hypoxic malignant cell population in solid tumors [6] , we addressed the question of how autophagy responds to 2-DG when cells are grown under anaerobic conditions (cells treated with oligomycin) [3] . As expected, ATP levels are severely reduced, but to our surprise, in contrast to the upregulation of autophagic activity in cells grown aerobically, 2-DG decreases autophagy even below basal levels when cells are grown anaerobically (Fig. 5) . Under the same experimental conditions, reduction of autophagy is accompanied by a similar pattern of decrease in the ER stress/UPR marker Grp78 (Fig. 5) . Moreover, under hypoxic conditions (0.1%), reduced levels of LC3B II and Grp78 were also observed when cells were similarly treated with 2-DG (data not shown). Thus, it appears that a critical level of intracellular ATP may be necessary for either UPR and/or autophagy to take place. It remains unclear whether severely lowered ATP levels interfere with the activation of UPR which in turn leads to reduction of autophagy or whether lowered ATP levels directly inhibit the autophagic activity itself [44] [45] [46] [47] . Further experiments are ongoing in our laboratory to distinguish between these possibilities.
It has been previously shown that autophagy can act either as a pro-or anti-survival mechanism [20, 48, 49] . Here, our observations that rapamycin, which is known to stimulate autophagy, alleviates 2-DG toxicity (Fig. 6c, d ), whereas 3-MA which blocks autophagy aggravates it (Fig. 6a, b) , suggest that autophagy acts as a pro-survival adaptive response to 2-DG. These Wndings are in agreement with two recent reports [37, 38] showing that inhibition of autophagy increases the anti-tumor eVect of 2-DG in vitro. In one of these studies [38] , 2-DG-induced autophagy was inhibited with siRNA against eEF2-K and ATP levels were lower than in cells treated with non-targeting siRNA. Thus, the authors concluded that grater ATP depletion via autophagy blockade leads to increased cell death. However, previous Wndings from our laboratory have demonstrated that moderate energy depletion achieved by 2-DG under normoxia is not suYcient to kill most tumor cells and the mechanism by which 2-DG kills a subset of cancer cells in the presence of O 2 is via ER stress/UPR-mediated apoptosis [7] . Moreover, our results, which show that inhibiting 2-DG-induced autophagy through siRNA targeting Atg7 increases the levels of ER stress/UPR markers as well as apoptosis (Fig. 6e) , are consistent with reports from other groups demonstrating that autophagy promotes cell survival in response to ER stress [13, 14, 18, 40, 41] . These results further support our Wndings with 3-MA and rapamycin, that autophagy plays a protective role against 2-DGinduced cytotoxicity, probably through relieving ER stress.
The identiWcation of ER stress markers (glucose-regulated proteins) originated from studies in which cells were starved of glucose [50] . Thus, since most solid tumors undergo some level of glucose starvation, our studies with 2-DG should have relevance to ER stress-induced autophagy in carcinomas. It will be interesting to contrast our results with 2-DG with those in cells starved of glucose, which should contribute to a better understanding of the interactions between microenvironmental conditions, autophagy activation and tumor cell survival. In addition, our Wndings may have therapeutic implications for improving the anti-tumor performance of 2-DG by combining it with autophagy inhibitors. Therefore, further elucidation of the participants in transmitting signals from 2-DG-and/or glucose deprivation-induced ER stress to autophagy appears warranted with the potential for identifying novel targets for selectively blocking autophagy.
